Knowledge about antibody-antigen interactions is important for the understanding of the immune system mechanisms and for supporting development of drugs and biomarkers. A tool for identification of these antigenic epitopes of specific antibodies is epitope mapping. In this study, a modified enzyme-linked immunosorbent assay was applied for epitope mapping of a mouse monoclonal vimentin antibody using overlapping resin-bound peptides covering the entire vimentin protein.
Introduction
The antigen-antibody interaction is important for autoimmune responses and immune responses against pathogens. The interface between an antibody and its cognate antigen is usually complementary with regard to structure and size, making the interaction highly specific. This interaction involves several non-covalent forces [1, 2] . Antibodies recognize different motifs in antigens such as extended chains, a-helices and b-turns, of which the latter are the most common motifs observed in B cell epitopes. Antibodies may interact with the amino acid side chains of the epitope, the backbone atoms or a combination of the two [3] [4] [5] . An antibody is often highly specific for its epitope, which implies that several amino acid side chains cannot be replaced without losing antibody binding [4] .
Antibodies are capable of recognizing linear and conformational B cell epitopes. These epitopes are often 10-25 amino acids long, however, some variation in epitope length has been observed [2, 6, 7] . Epitopes identified tend to be highly accessible on the surface of the antigen, hence polar and charged amino acids are often found in epitopes. These preferences are most likely due to that polar and charged amino acid residues form a variety of interactions with the antibodies [6, 8] . Several studies have
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suggested that epitopes have a flexible backbone and are located in flexible regions that protrude from the protein surface. These properties allow the epitope to adopt a conformation that is complementary to the structure of the antigen-binding site of the antibody [4, 6] .
Identification of epitopes, also known as epitope mapping, provides valuable information about the interaction between an antibody and its cognate antigen. The importance of each amino acid in the epitope for antibody binding can be determined by epitope mapping. Several methods are used for mapping of epitopes, depending on whether linear or conformational epitopes are mapped. X-ray crystallography is applied for identification of both linear and conformational epitopes, however, this approach is time consuming and requires large amounts of the antigen and antibody to obtain crystals of good quality. linear epitopes can be mapped by a variety of strategies, e.g. enzyme-linked immunosorbent assay (ElISA). linear epitopes have been studied more extensively than conformational epitopes since they are easier to identify and are used for many applications [3, 9] . An efficient strategy for identifying linear epitopes by ElISA is to use overlapping synthetic peptides covering the entire antigen. This method, also referred to as peptide scan, was originally described by Geysen et al. [10] in 1984, who determined a 7-mer epitope of an antibody specific for a viral coat protein, which contained two leu residues important for antibody binding. Synthetic peptides have been used for epitope mapping in several studies due to their many advantages. They are very pure, easily synthesized and chemically or posttranslationally modified amino acids can be incorporated [11] . Synthetic resin-bound peptides have been used in a few studies for mapping and characterization of B cell epitopes [12] [13] [14] . The advantage of using resinbound peptides is that the peptides are flexible since only one amino acid is attached to the solid support. Furthermore, using resin-bound peptides instead of free peptides, coating steps in ElISA are avoided, making this method faster [14, 15] . resin-bound peptides were originally used for epitope mapping in 1985 by Paterson [12] who identified two epitopes in rat cytochrome c. Synthetic resin-bound peptides have also been used in a study by Tian et al. [13] for characterization of the 6-mer ElDKWA epitope from the gp41 protein of HIV-1 using monoclonal antibodies. In the study by Tian et al. [13] , charged amino acids, such as Asp, and the hydrophobic amino acid leu were shown to be important for antibody binding. The 9-mer peptide lElDKWASl was identified as the complete epitope attaining maximal affinity [13] . These types of epitope mapping studies provide knowledge about the location of epitopes within an antigen and are important for the development of diagnostic kits, design of vaccines and immunotherapy. Furthermore, determination and characterization of epitopes are also important for understanding the pathophysiology of many diseases, including autoimmune diseases [6, 16] . Several epitopes have been described in multiple proteins, such as vimentin, which is a protein subunit of intermediate filaments found in mesenchymal cells [17, 18] . Vimentin is a part of the cytoskeleton and is involved in stabilization of the molecular network. moreover, vimentin functions in organelle transport, cell migration and proliferation. The broad range of physiological functions of vimentin is also underlined by the intracellular and extracellular localization as well as the possibility of modifications such as phosphorylation and citrullination [19] [20] [21] . Antibodies targeting modified vimentin have been suggested to have a role in the autoimmune disease rheumatoid arthritis and are used as a marker for diagnosis of the disease [22, 23] .
In this study, the epitope of a mouse monoclonal vimentin antibody was fine mapped using overlapping synthetic resin-bound vimentin peptides. The identified epitope of the vimentin antibody was further characterized using both truncated peptides and substituted peptides. moreover, the substituted peptides were applied to examine which kinds of modifications the antibody was able to tolerate.
Materials and methods

Reagents
overlapping resin-bound vimentin peptides, Cterminally truncated resin-bound peptides and substituted peptides were purchased from Schafer-N. N-terminally truncated vimentin peptides were synthesized by 9-fluorenylmethoxycarbonyl (Fmoc)-based solid-phase peptide synthesis (SPPS) as described below. Tris-Tween-NaCl (TTN) buffer (0.0 5m Tris, 0.3 m NaCl, 1% Tween 20, pH 7.4), alkaline phosphatase (AP) substrate buffer (1 m diethanolamine, 0.5 mm mgCl 2 , pH 9.8), phosphate buffered saline (PBS, pH 7.2), glycerol and mouse monoclonal human mannan-binding lectin (mBl) antibody (HYB 131-01) were from Statens Serum Institut. AP-conjugated anti-mouse IgG (A3688), paranitrophenylphosphate, N,N′-diisopro pylcarbodiimide, piperidine, trifluoroacetic acid (TFA), ethanol and ether were purchased from Sigma-Aldrich. mouse monoclonal human vimentin antibody was purchased from Biosite (AmB-7100). TentaGel S NH 2 resin was purchased from rAPP Polymere GmbH (S30902). Fmoc-protected amino acids and Nmethyl-2-pyrrolidone (NmP) were purchased from Iris Biotech GmbH. 1-hydroxy-7-aza-benzotriazole (HoAt) was purchased from Gl Biochem. Triisopropylsilane was purchased from merck; a 13-well HEp-2 slides ANA Test system HEp-2 substrate was purchased from Immuno Concepts (rEF2013). Fluorescein isothiocyanate (FITC)-conjugated antimouse IgG was purchased from Dako (F0261). Peptides overlapping resin-bound vimentin peptides, spanning the complete human vimentin sequence (Accession number: P08670), were constructed as 20-mer peptides with a 10 amino acid overlap. In total 46 peptides were generated (See Supplementary Appendix to be found online at http://informahealthcare.com/ doi/abs/10.3109/00365513.2014.908474).
Indirect immunofluorescence
Slides with HEp-2 cells were incubated with primary antibody (vimentin antibody or control mBl antibody) diluted in PBS (1:160-1:2560). The slides were incubated in a humidity chamber at room temperature (rT) for 30 min. The HEp-2 slides were then washed 5 times with PBS followed by 10 min incubation at rT in PBS. FITC-conjugated anti-mouse IgG diluted in PBS (1:40) was added to the slides and incubated in a humidity chamber at rT for 30 min followed by a PBS wash for 10 min. After wiping the slides, glycerol was added as a mounting medium and the wells were covered with a cover glass. The slides were analyzed using an olympus DP72 fluorescence microscope (olympus, PA, uSA).
Solid-phase peptide synthesis of N-terminally truncated peptides
N-terminally truncated resin-bound peptides, using the sequence rETNlDSlPlVDTH from vimentin as template, were synthesized by traditional Fmoc-based SPPS as described previously [24] . Briefly, 20 mg resin was removed from the resin pool after coupling of each amino acid except for the first three amino acids. 12 N-terminally truncated resin-bound peptides were synthesized in total. The peptides were synthesized in a syringe using TentaGel S NH 2 resin (270 mg, loading capacity 0.31 mmol/g). Amino acid activation and coupling was conducted using three-fold excess of Fmoc-protected amino acids, HoAt and N,N′-diisopropylcarbodiimide. All amino acids were double coupled for at least 2.5 h in total at rT with a NmP wash between the two couplings. Following coupling, the resin was rinsed 7 times with NmP and deprotection was conducted using 20% piperidine in NmP 3 times for 17 min in total. Following synthesis of the peptides, the resin was washed twice with ethanol and ether, respectively. The side chain protection groups were removed using a 5% triisopropylsilane and 95% TFA solution for 2 h at rT. The resin-bound peptides were rinsed twice with TFA and three times with ether and the remaining ether was evaporated over-night.
Modified enzyme-linked immunosorbent assay
The resin-bound peptides (3.3 mg/ml resin) were added to a 96-well multiscreen HTS filter plate (millipore, Copenhagen, Denmark) and washed with TTN buffer using a multiscreen vacuum manifold (millipore, Copenhagen, Denmark). The wells were blocked with TTN buffer for 20 min at rT. Primary mouse monoclonal antibody directed against vimentin or mBl (1:1000) was added and the plate was incubated for 1 hour at rT on a shaking table. Secondary AP-conjugated anti-mouse IgG (1:1000) was added and the plate was incubated for 1 h at rT on a shaking table. Both incubations with antibodies were followed by 4 washes with TTN buffer. For quantification of bound antibodies, paranitrophenylphosphate (1 mg/ml) diluted in AP substrate buffer was used. The buffer was transferred to a maxisorp microtitre plate (Nunc, roskilde, Denmark) and the absorbance was determined at 405 nm, with background subtraction at 650 nm, using a Thermomax microtitre plate reader (molecular Devices, menlo Park, CA, uSA).
Results
Confirmation of antibody specificity
The monoclonal antibody directed against vimentin was tested by indirect immunofluorescence to check the specificity of the antibody. The reactivity of the monoclonal vimentin antibody to HEp-2 cells revealed a typical vimentin pattern [25, 26] , confirming the specificity for vimentin (Figure 1) . No patterns were detected with the control antibody directed against mBl.
Screening of vimentin peptides with a monoclonal vimentin antibody
To identify a potential epitope within the vimentin protein, the vimentin antibody was screened for reactivity to 46 overlapping resin-bound vimentin peptides by modified ElISA. A monoclonal control antibody of irrelevant specificity directed against mBl was used as a negative control.
As illustrated in Figure 2 , the monoclonal vimentin antibody recognized two peptides, peptide 2 (YrrmFGGPGTASrPSSSrSY, 11-30) and peptide 43 (lNlrETNlDSlPlVDTHSKr, (421) (422) (423) (424) (425) (426) (427) (428) (429) (430) (431) (432) (433) (434) (435) (436) (437) (438) (439) (440) . moreover, the control antibody of irrelevant specificity was found to recognize peptide 2 as well, indicating that antibody reactivity to peptide 2 was nonspecific. Thus, specific reactivity was only obtained to peptide 43, suggesting that the epitope of the vimentin antibody is located within peptide 43. Furthermore, no reactivity was observed with peptides 42 and 44, indicating that the epitope spans the overlap of these two peptides. 
Identification of terminal epitope borders using N-and C-terminally truncated resin-bound peptides
In order to determine the minimal epitope essential for antibody reactivity within peptide 43, N-terminally truncated resin-bound peptides, using peptide 43 as template, were synthesized by Fmoc-based SPPS and the vimentin antibody was tested for reactivity to the peptides by modified ElISA. As shown in Figure  3A , no interaction was observed between the vimentin antibody and the seven shortest peptides (DTHDSlPVDTH). The peptide lDSlPlVDTH was the shortest resin-bound peptide found to interact with the vimentin antibody. This result indicated that the N-terminal leu of lDSlPlVDTH was important for antibody reactivity. The interaction between the antibody and the peptides longer than lDSlPlVDTH showed almost no further increase in antibody re activity compared to the control (peptide 43).
Based on these findings, antibody reactivity to C-terminally truncated vimentin peptides was studied by modified ElISA using lDSlPlVDTH as a template. As seen in Figure 3B , only two of the C-terminally truncated peptides were recognized by the vimentin antibody. The antibody showed no reactivity to the five shortest peptides (lDS-lDSlPlV). lDSlPlVD was the shortest peptide recognized by the vimentin antibody, indicating that the C-terminal Asp was important for antibody reactivity. To sum up, the terminal truncation studies suggested that lDSlPlVD was the minimal epitope of the vimentin antibody.
Screening of epitope candidates for identification of the complete epitope
Based on the results from the initial screenings of N-and C-terminally truncated vimentin peptides, the complete epitope of the vimentin antibody was identified by screening selected epitope candidates using modified ElISA.
As demonstrated in Figure 4 , lDSlPlVD was the shortest peptide found to interact with the antibody, Figure 2 . reactivity of a mouse monoclonal vimentin antibody and mBl antibody to 46 overlapping resin-bound vimentin peptides analyzed by modified ElISA. Negative control: peptide of irrelevant specificity was used. The sequence for the negative control peptide is shown in the Supplementary Appendix to be found online at http://informahealthcare.com/doi/abs/10.3109/00365513.2014.908474. Antibody reactivity to each peptide was analyzed in duplicate. relative to controls specific antibody reactivity was found to peptide 43. supporting the finding that this peptide was the minimal epitope of the vimentin antibody. A small increase in antibody reactivity (approx. 20%) was observed from lDSlPlVD to lDSlPlVDT and similarly from lDSlPlVDT to lDSlPlVDTH, indicating that the C-terminal Thr and His were also important for antibody reactivity. These results suggested that the amino acid sequence lDSlPlVDTH constituted the complete epitope of the vimentin antibody.
Analysis of the vimentin antibody epitope by alanine scanning
In order to identify the amino acids of the epitope that were essential for antibody binding, an Ala scanning was performed by modified ElISA. The peptide N1lDSlPlVDTH11 (numbers indicate position of amino acids in the peptide) was used as template for generation of Ala-substituted peptides.
As illustrated in Figure 5 , antibody reactivity to the peptides, where Asp3 and Asp9 were substituted with Ala, was almost completely reduced (89-97% reduction), compared to the control peptide NlDSlPlVDTH. This indicated that these amino acids were essential for reactivity with the vimentin antibody. Furthermore, a notable reduction in antibody reactivity was observed when leu2 and leu5 were substituted with Ala, suggesting that they also influenced antibody binding. Substitution of the remaining amino acids with Ala yielded nearly no difference in reactivity compared to the control peptide, suggesting that the side chains of these amino acids were not involved in the binding to the vimentin antibody.
Analysis of vimentin antibody reactivity to functional-substituted peptides
In order to examine which kind of substitutions that were tolerated by the vimentin antibody in each position of the identified epitope, a functionality scanning was performed, in which each amino acid in the peptide sequence was substituted with different amino acids, mainly with amino acids with similar side chain functionality or size. The influence of these varying substitutions on antibody reactivity to the NlDSlPlVDTH peptide was analyzed by a modified ElISA. Figure 6 illustrates antibody reactivity to substituted peptides. As illustrated, when substituting Asp3 with either Glu or Asn, antibody reactivity was reduced by approx. 100% compared to the control peptide NlDSlPlVDTH. Substitution of Asp9 with Asn resulted in approximately 80% reduction compared to the control peptide. When leu5 was substituted with Ile or Val a reduction of approximately 50% and 70%, respectively, was observed. The substitution of Pro6 with Gly resulted in a very large reduction, almost 100% compared to the control peptide.
These results suggested that Asp3, Asp9, leu5 and Pro6 were important for antibody reactivity. In contrast, substitution of the amino acids in the remaining positions only showed a slight reduction in reactivity, indicating that these specific amino acids were not important for antibody binding.
Discussion
In this study, the reactivity of a monoclonal vimentin antibody to overlapping resin-bound peptides, covering the entire human vimentin protein sequence, was analyzed in order to locate and characterize the epitope. Peptide 43, corresponding to amino acids lNlrETNlDSlPlVDTHSKr (position 421-440) was the only peptide specifically recognized by the antibody, as illustrated in Figure 2 . The epitope was assumed to involve the middle of the 20-mer peptide, since only one peptide was recognized in a specific manner and the two neighboring peptides showed no reactivity. Based on these findings, N-and C-terminally truncated peptides were generated and analyzed for antibody reactivity, identifying the peptide lDSlPlVD as the minimal epitope. These findings indicated that the N-terminal leu and the C-terminal Asp were important for antibody recognition (Figure 3) . Further studies identified the amino acid sequence lDSlPlVDTH as the complete epitope, suggesting that the C-terminal Thr and His were important but not essential for antibody binding (Figure 4) .
The identified vimentin epitope was found to be located in the tail region of vimentin. As no crystal structure, covering this particular region of human vimentin, is available, the secondary structure of this region has not been determined. Nevertheless, a study by Hess et al. [27] , using site directed spin labeling and electron paramagnetic resonance, revealed that most of the vimentin tail region is disordered and have a higher degree of flexibility compared to the head and rod domains of the vimentin protein [27] . The indication of a flexible tail of the vimentin protein is supported by other studies [28, 29] . Furthermore, Figure 4 . reactivity of the vimentin antibody to resin-bound vimentin epitope candidates analyzed by modified ElISA. Peptide 43 (lNlrETNlDSlPlVDTHSKr) was used as a positive control. The peptide lDSlPlV and uncoated resin were used negative controls. Antibody reactivity to each peptide was analyzed in duplicate. acid with an aliphatic side chain similar to the one in leu is sufficient to retain antibody reactivity. The side chain of Ala is shorter than that of leu and Ala was not sufficient to retain antibody reactivity as seen in the Ala scanning. Substitution of leu5 with Ile or Val resulted in a large reduction in antibody reactivity as seen in Figure 6 , indicating the importance of the specific leu side chain in this position. The leu residues may contribute with van der Waals interactions. The importance of leu residues for antibody reactivity was also confirmed by other studies [10, 13] . moreover, substitution of Pro6 with Gly resulted in a very large reduction in antibody reactivity. Gly is a very flexible amino acid in contrast to Pro, which is a very rigid amino acid. This result may indicate that the Pro residue is important for the structure of the peptide, by constraining the peptide in a rather inflexible structure, since antibody reactivity was not reduced upon substitution with Ala which is not as flexible as Gly. The presence of Pro may indicate that the epitope is located in a b-turn since Pro is often seen in b-turns. This is in agreement with b-turns being the predominant motif in peptide-antibody complexes [4, 31] .
Substitution of the remaining amino acids with various amino acids of similar or dissimilar side chain functionality including Ala showed nearly no reduction in antibody reactivity, suggesting that the side chains of these amino acids are not involved in direct interactions with the antibody. However, these amino acids may contribute to the conformation of the peptide which is important for proper antigen presentation or they may contribute with backbone interactions to the antibody.
In this epitope mapping study, we demonstrated that screening overlapping synthetic resin-bound peptides, covering a whole protein, with a monoclonal antibody is an efficient method for identification and mapping of epitopes in antigens targeted computer models have been used for predicting the secondary structure of the vimentin tail and they suggested extended strand and random coil [27, 28] . These studies indicate that the identified vimentin epitope is found in a flexible region and this is a typical feature of antibody epitopes [6] .
The epitope of the vimentin antibody was further characterized by Ala scanning and functionality scanning of the peptide NlDSlPlVDTH. As illustrated, the two negatively charged Asp3 and Asp9 residues were important for antibody binding (Figures 5 and  6) . It was not possible to substitute Asp3 with Ala, Glu (similar functional group) or Asn (similar size), without notable influence on antibody reactivity, indicating a direct interaction between the Asp side chain and the antibody. These findings indicate that even small changes in this position disrupt the interaction between the epitope and the antibody, making this residue essential for antibody reactivity. In contrast, the Asp9 residue could be replaced with Glu without affecting the antibody reactivity, which may suggest that only the negative charge and not the specific side chain of Asp is important for reactivity in this position. The results obtained are in accordance with previous studies, showing that charged residues are important for antibody reactivity [6, 24, 30] . Furthermore, the results confirmed that the C-terminal Asp residue of the minimal epitope is important for antibody recognition. The two Asp residues were found to be the most important amino acids of the epitope for antibody reactivity and they may form ionic interactions and hydrogen bonds with the antibody.
In addition, the two hydrophobic leu2 and leu5 residues were also shown to be important for antibody binding, as seen by a notable reduction in antibody reactivity upon Ala substitution. In contrast to the results of the Ala scanning, substitution of leu2 with Ile or Val did not influence antibody reactivity, suggesting that the presence of an amino Figure 6 . reactivity of the vimentin antibody to substituted resin-bound vimentin peptides analyzed by modified ElISA. The peptide NlDSlPlVDTH was used as the control peptide with no substitutions. uncoated resin was used as a negative control. Antibody reactivity to each peptide was analyzed in duplicate. by antibodies. Determination of epitopes and characterization of the antibody-antigen interaction are relevant for diagnostics and treatment of several diseases as well as development of vaccines [16, 32] . moreover, discovery of new antigenic targets using epitope mapping may aid in understanding of the pathophysiology of different diseases, e.g. autoimmune diseases involving autoantibodies [7, 33, 34] .
To sum up, in this study only a single peptide was recognized in a specific manner by the vimentin antibody and the minimal and the complete epitope were determined to be the amino acid sequences lDSlPlVD and lDSlPlVDTH, respectively. Ala scanning and functionality scanning suggested that the two charged Asp residues were the amino acids most essential for antibody binding, underlining the importance of charged amino acids in epitopes.
The screening approach applied in this study is primarily based on detection of linear epitopes, due to practical limitaions, e.g. peptide length. It is unlikely that this type of assay could be applied for detection of conformational epitopes with great success. However, by applying longer peptides and to pool resin-bound peptides within wells, it may be possible to determine antigenicity within selected regions, e.g. domains. Thus when applying approaches like this in studying biomarkers analyzed by immunochemical methods, it only relates to antibodies detecting linear epitopes.
